Although the degree of hyperglycemia is a powerful and independent risk factor for diabetic microvascular disease, it has not been established if and how high glucose per se can induce the typical lesions of microangiopathy. We have investigated in human vascular endothelial cells the expression of messenger RNA (mRNA) for collagen type IV and fibronectin, the two glycoproteins characteristically increased in diabetic basement membranes. In 12 confluent primary cultures exposed for 11±14 (mean±SD) to 30 mM glucose and exhibiting cell number and thymidine incorporation similar to control cultures, the levels of collagen IV and fibronectin mRNA were, respectively, 238±140 and 221±231 percent of control (P < 0.01). The effects of high glucose were selective (the levels of collagen I and c-myc mRNA remained unchanged), independent of the proliferative activity of the cultures and of the plating substratum, and maintained throughout multiple passages. However, several days of exposure to high glucose were required before their appearance. These observations establish that high glucose is a perturbation sufficient to mimic the effects of diabetes on the regulation of basement membrane components and propose that modifications in gene expression may pertain to the chain of events leading to diabetic angiopathy.
Introduction
The fundamental structural lesion ofthe small blood vessels in diabetic patients is increased thickness of the basement membranes (1) . While the disturbed metabolic environment appears to be critical for the development of this abnormality (2) (3) (4) , it is unclear whether specific elements of the diabetic milieu play a preeminent causative role and, eventually, how they produce their effects. The epidemiologic observation that high blood glucose levels in diabetic patients are powerfully and independently associated with increased risk of microangiopathy (5) (6) (7) , and the finding that hyperhexosemia unac-companied by other metabolic abnormalities (as observed in experimentally galactosemic animals) results in thickening of retinal capillary basement membranes (8) and other characteristic lesions ofdiabetic retinopathy (9) , propose high glucose as a potential inducer of at least some of the features of microangiopathy.
That exposure to high glucose is capable of altering the homeostasis of vascular endothelial cells (the cells that elaborate basement membranes) has been documented in our previous work (10) (11) (12) . In particular, the finding that exposure to high glucose leads to DNA alterations in these cells ( 12) raises the possibility that changes in gene expression might occur. We have therefore examined in human umbilical vein endothelial cells whether exposure to high glucose in vitro alters the steady-state levels of messenger RNA (mRNA) for fibronectin and type IV collagen, the two glycoproteins characteristically augmented in diabetic basement membranes (13, 14) .
Methods
Cell culture. Primary cultures of human endothelial cells harvested from individual umbilical veins (15) were plated in 60-mm tissue culture dishes (Falcon Primaria, Becton Dickinson, Lincoln Park, NJ) at a cell density of 1.3 X IO for controls and 1.7 X I0O for dells destined for high glucose treatment. The differential plating density was implemented to study experimental and control cells in the same assay at the same final density. This was not otherwise achievable owing to the replicative delay induced by high glucose (10, 1 1) , and yet desirable when studying the level of fibronectin mRNA, known to be modulated by the proliferative state ofendothelial cells (16) . Cells were cultured as described (10) in medium 199 (Gibco Laboratories, Grand Island, NY) supplemented with 2 mM glutamine, 17.5 mM Hepes buffer, 14%
heat-inactivated pooled human serum, 20 jig/ml endothelial cell growth supplement (Sigma Chemical Co., St. Louis, MO) and 90
;ig/ml heparin (Gibco), and containing penicillin (50 U/ml), streptomycin (50 jg/ml), and fungizone (0.25 jg/ml; Gibco). The medium in experimental dishes was supplemented with D-glucose (Fisher Scientific, Fair Lawn, NJ) from the day after plating (unless otherwise indicated) to achieve a final concentration of 30 mM. Glucose concentration in control cultures was 5 mM. To evaluate the time course of the effects of high glucose, some cultures were exposed to 30 mM glucose for 24 or 48 h just before reaching confluency; others were passaged to successive subcultures being consistently maintained in normal or high glucose medium. A possible modulation of the effects of high glucose by the replicative activity of the cells was examined in cultures made quiescent by withdrawal of growth factors and reduction of serum to 2% for 36 h; modulatory effects exerted by matrix components were investigated in cultures plated on fibronectin-coated dishes (2.5 yg/cm2; Boehringer Mannheim, Indianapolis, IN). On the day of cell harvest for RNA isolation, cell number and pulse thymidine incorporation (17) were measured in two to three dishes for each treatment. Cultures were maintained either in the presence of 14% human serum, endothelial cell growth factor (ECGF) and heparin (left two lanes), or switched to 2% serum, no growth factors for 36 h before RNA extraction (right lanes). Under these conditions, pulse thymidine incorporation into DNA was reduced to 10% of control.
cally distinct sets of cells. Indeed, the batches ofcells that failed to show an increment in fibronectin and collagen type IV mRNAs during primary culture manifested increases during the first subculture (Fig. 4) , while the levels of collagen type I and c-myc mRNAs remained unchanged by high glucose. We followed the behavior of the fibronectin and collagen type IV transcripts up to the third passage in seven cultures. Cells that had been consistently exposed to high glucose maintained in the third passage (36±3 d in culture) significantly increased levels of mRNA for fibronectin (282±172% of control, P < 0.04) and for collagen type IV (195±84% of control, P < 0.04).
A possible modulation of the effects of high glucose by the substratum available to the cells was examined in cultures plated on fibronectin-coated dishes. Under these conditions, cultures exposed to high glucose continued to manifest a twofold increase in the mRNA levels for both fibronectin and collagen type IV when compared with controls.
Discussion
Our observations of increased mRNA levels for collagen type IV and fibronectin in endothelial cells exposed to high glucose establish that, among the many metabolic abnormalities of diabetes, high glucose is a perturbation sufficient to alter the biosynthetic characteristics of vascular endothelium in a fashion that mimics the effects of diabetes. It is, in fact, known that the increased collagen content of diabetic basement membranes results from increased synthesis (23, 24) . The possibility that the increased amount of fibronectin originates from the trapping ofthe circulating glycoprotein secondary to abnormal properties of the matrix (25) cannot be excluded, but the recent demonstration of increased biosynthesis and processing of fibronectin by fibroblasts of diabetic animals (26) suggests that the increased fibronectin content of diabetic basement membranes also might be the result ofenhanced local production. Our data provide further support for this possibility. The negative as well as the positive findings obtained with high glucose in vitro are compatible with the effects of diabetes. In accordance with the observations that collagen type I (interstitial collagen) is normally absent from vascular basement membranes and that its expression is not stimulated in the diabetic state (13, 27), we found only minimal expression of collagen type I mRNA in human endothelial cells and no changes upon exposure to high glucose. This and the lack of significant changes in the levels of c-myc mRNA also establish the selective nature of the endothelial cell response to high glucose.
The effects of high glucose on fibronectin and collagen IV mRNAs were independent of the proliferative state of the cultures and of the substratum on which the cells were plated. Once established, they were maintained throughout multiple passages, but several days of exposure were required before their appearance. This confirmed the intervening of a lag period between exposure to high glucose and occurrence of certain effects, a phenomenon already observed for the induction of cell cycle abnormalities ( 11). This latency may be due to the requirement for either a critical period of exposure to high glucose or for a critical number of cell doublings in the presence of high glucose. The latter would be necessary for the emergence of a sufficiently large population of cells with amplified genes, an event that could occur (28) in cells such as ours with a disturbed cell cycle (11). Another mechanism for the increased expression of the fibronectin and collagen IV genes that would be dependent upon a certain number of cell divisions is the loss of methylation in the specific DNA sequences, an event that can complicate forms of DNA damage (alkali-labile lesions and single-strand breaks) (29) that we have observed in vascular endothelial cells exposed to high glucose (12) . Conversely, time of exposure to high glucose rather than number ofcell divisions would be the critical factor should the increased expression of the genes under study be secondary to altered interaction with transcription-regulatory elements that have become modified by stable nonenzymatic glycosylation. In fact, within this scenario, the occurrence of cellular replication would substantially delay the appearance of the effects. Time of exposure to high glucose, combined or not with cell division, would also be expected to be a determinant ofthe increased expression of fibronectin and collagen IV if the latter represents a response, or an adaptation to some other as yet unidentified cumulative disturbances of cellular or matrix components induced by high glucose.
Clarification of whether the increased mRNA levels for fibronectin and collagen type IV observed in the presence of high glucose result from transcriptional or posttranscriptional regulation will allow a first level of sorting among the mechanisms considered, and guide future questions and experimental strategies toward the reconstruction of the chain of events linking high glucose to diabetic vascular damage. 
